Event-related responses and oscillatory activity are typically regarded as manifestations of different neural processes. Recent work has nevertheless revealed a mechanism by which slow eventrelated responses are created as a direct consequence of modulations in brain oscillations with nonsinusoidal properties. It remains unknown if this mechanism applies to cognitively relevant eventrelated responses. Here, we investigated whether sustained event-related fields (ERFs) measured during working memory maintenance can be explained by modulations in oscillatory power. In particular, we focused on contralateral delayed activity (CDA) typically observed in working memory tasks in which hemifield specific attention is manipulated. Using magnetoencephalography, we observed sustained posterior ERFs following the presentation of the memory target. These ERFs were systematically lateralized with respect to the hemisphere in which the target was presented. A strikingly similar pattern emerged for modulations in alpha (9-13 Hz) power. The alpha power and ERF lateralization were strongly correlated over subjects. Based on a mechanistic argument pertaining to the nonsinusoidal properties of the alpha activity, we conclude that the ERFs modulated by working memory are likely to be directly produced by the modulations in oscillatory alpha activity. Given that posterior alpha activity typically reflects disengagement, we conclude that the CDA is not attributable to an additive process reflecting memory maintenance per se but, rather, is a consequence of how attentional resources are allocated.
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cognition | evoked-responses | electroencephalography | magnetoencephalography | oscillations N oninvasive electrophysiological recordings in the human brain are typically carried out by using either electroencephalography (EEG) or magnetoencephalography (MEG). In cognitive studies, data from these techniques are studied by means of event-related responses or by modulations in oscillatory power (1). Event-related responses are recorded by averaging 30 or more trials time-locked to a given stimulus, assuming that oscillatory brain activity that is not phase-locked to the stimulus is "averaged out." To determine task-related modulations in oscillatory activity, the power is calculated for each trial separately and then averaged. This allows for quantification of stimulus-induced changes in oscillatory activity. The relation between event-related responses and oscillatory activity remains a fundamental question in human electrophysiological research (1).
Recently, it was reported that human oscillatory activity in the alpha band has "amplitude fluctuation asymmetry" (AFA) (2, 3) . This refers to a nonsinusoidal property implying that amplitude changes are reflected stronger in the peaks than in the troughs of the ongoing oscillations (or vice versa). As a consequence, the signal distribution is skewed such that the mean covaries with magnitude. This finding challenges the dogma that oscillations are averaged out when event-related responses are calculated. Indeed, Mazaheri and Jensen (3) demonstrated empirically that stimulusinduced asymmetrical amplitude modulations of alpha band oscillations could produce slow event-related responses. Although this finding provided a proof-of-principle, we test in this study if the proposed mechanism can explain the emergence of event-related responses reflecting cognitive processing.
Event-related potentials (ERPs) with a slow time course have been reported to be modulated by a wide range of cognitive tasks (4) . Although there are a few proposals for how slow responses are generated, the underlying physiological mechanism remains largely untested (5) . Research on visuospatial working memory has revealed important slow sustained event-related responses that reflect memory maintenance and load (6) . These responses are lateralized depending on whether the remembered stimulus is presented in the left or right hemifield and called contralateral delayed activity (CDA). Other studies have shown hemifieldspecific lateralized activity in the alpha band in both attention and working memory tasks. In these tasks, the alpha power is suppressed in the hemisphere contralateral to the attended stimulus (7) (8) (9) . Here, we hypothesize that such lateralizations are the mechanism underlying sustained event-related responses because of the fact that the alpha activity during retention has AFA. For example, when the stimulus is presented in the left hemifield, there is a slight increase in alpha activity in a left posterior sensor (Fig. 1A) . When the stimulus is presented to the right, the alpha reduction is strong (Fig. 1B) . Given that only the peaks of the oscillations are suppressed, whereas the troughs remain unchanged, the resulting sustained evoked responses would show a stronger magnitude for right compared with left stimuli (Fig. 1 C  and D) . To test this hypothesis, we analyzed MEG data from a spatial working memory task in which subjects remembered the location of stimuli presented in the left or right visual field. The event-related fields (ERFs), modulations in alpha power, and amplitude asymmetry were characterized during the memory interval. We found that both alpha power modulation and amplitude asymmetry correlated with the ERFs. This demonstrates a case in which a cognitively relevant evoked response, the CDA, is likely to be produced by changes in oscillatory brain activity.
Results
To study the relation between posterior alpha activity and ERFs, we conducted a standard working memory experiment in which subjects had to memorize a spatial target location for a short period of time (10) . We recorded the electrophysiological signals using MEG from 18 subjects performing this task. The target stimulus was presented in either the left or right hemifield. After 1.6 s, subjects were instructed to make a saccade toward the remembered location (Fig. 2) .
ERFs Are Lateralized by Working Memory. Based on the electrooculogram (EOG) recordings, we selected the trials in which subjects followed the task instructions (i.e., saccades were made correctly after the target stimuli). Reaction times for the saccades were 212 ± 72 ms (SEM). Initially, we characterized the ERF of the combined planar gradient in response to the target stimuli. The grand average demonstrated strong sustained ERFs in posterior sensors (Fig. 3) . In sensors overlying the left hemisphere, the magnitude of the fields was higher for targets presented in the left hemifield than in the right hemifield (Fig. 3A) . The reverse was observed in sensors overlying the right hemisphere (Fig. 3B) . The topography of the lateralized ERFs revealed a significant difference in left (increase) and right (decrease) parietooccipital sensors (P = 0.016 and P = 0.022, respectively; Fig. 3C ). Thus, we found that our paradigm induced sustained working memoryrelated ERFs, which are lateralized with respect to the presentation of the target-the CDA.
Alpha Band Power Is Lateralized by Working Memory. Next, we investigated modulations in oscillatory power with respect to the target stimuli. Time-frequency analysis of power revealed a strong modulation in alpha activity over parietooccipital sensors during the delay period (Fig. 4) . When the target was presented in the left hemifield, the left sensors showed an increase in alpha band power, whereas the right sensors showed a decrease (Fig. 4A) . The reverse pattern was observed when the target was presented to the right (Fig. 4B) . Again, we defined laterality as the difference between power for right and left hemifield stimuli ( Fig. 4C and Fig. S1 ). We found a posterior distribution with significant power enhancements in the ipsilateral hemisphere (left cluster: P = 0.033, right cluster: P = 0.007). These results demonstrate a strong lateralization in alpha band activity with respect to the hemifield of the target stimulus.
Lateralizations of the ERFs and Alpha Activity Are Highly Correlated.
The sustained ERFs and the alpha power enhancements are both lateralized during the retention of a visuospatial memory item, with strikingly similar scalp topographies (compare Fig. 3C and Fig. 4D ). Additionally, the sustained ERFs and alpha power modulations seemed to follow a similar time course (compare Fig.  3A and Fig. S2 ). We quantified the relation between modulations in ERF amplitudes and alpha power by a correlation analysis (see Experimental Procedures). This revealed a highly significant correlation over subjects between ERFs and alpha power modulation over posterior areas ( Fig. 5A ; r = 0.92, P < 10 -6 ). Subsequently, we compared the time course of the alpha band and ERF amplitude for the entire period of −0.2 to 1.2 s by correlating the values for 15 time points in all subjects (see Experimental Procedures). The correlation was highly significant in representative left and right sensors (P < 10 -6 ; Fig. 5B , Left and Right). The strong correlation between lateralized sustained ERFs and lateralized alpha band power strongly suggests that they reflect the same mechanism. Lateralized Amplitude Asymmetry. We then proceeded to quantify the degree of AFA in the alpha band by calculating the AFA index during retention. This measure estimates the amplitude modulations of the peaks of oscillatory activity relative to the modulations of the troughs (see Experimental Procedures). Note that this measure is independent of the dc offset of the signal (3) (Fig. 2) . As shown in Fig. 6A , the AFA index spectra have strong peaks in the alpha and beta bands over posterior sensors. This clearly demonstrates that AFA is present in the alpha band during the retention of the spatial target. The alpha band AFA index was strongest in left sensors when the target was presented in the left hemifield, whereas the reverse pattern was observed in right sensors (Fig.  6A ). This was confirmed by the topographies of the AFA index values ( Fig. 6B and Fig. S1C ). For the difference between the two conditions (left minus right target), the AFA index shows a lateralized posterior parietooccipital distribution (left cluster: P = 0.012, right cluster: P = 0.002; Fig. 6B ) similar to both the alpha band oscillatory activity (Fig. 4D ) and the ERFs (Fig. 3C) .
Amplitude Asymmetry Correlates with the Production of ERFs.
Finally, we quantified the correlation between the AFA index and ERF modulations over subjects. Fig. 7 A and C shows a correlation for left and right sensors (MLO22: r = 0.63, P = 0.008; MRO33: r = 0.47, P = 0.046). The topography of the correlation coefficients revealed a posterior distribution (Fig. 7B) . Note that the sensors in which the correlations are significant correspond to Because of the asymmetrical amplitude modulations, the oscillatory alpha activity is not averaged out; only the peaks of the oscillations are modulated and not the troughs. As a consequence, the systematic modulation in alpha power produces a slow sustained field. (D) The stronger the modulation, the stronger is the magnitude of the field. In short, we hypothesized that working memory retention resulting in lateralized alpha power modulation would produce sustained lateralized ERFs-the CDA. Fig. 2 . Description of the working memory task. After a baseline period of 1.5 s, a visual stimulus (○) was presented in the peripheral left or right hemifield for 0.1 s. Subjects were instructed to remember the position of the visual target. At 1.6 s after stimulus onset, the fixation cross (+) disappeared and the subjects were instructed to make a saccade (arrow) toward the remembered target position.
the group of sensors in which there was the strongest correlation between alpha and ERF lateralization (Fig. 5A) . The correlation between sustained lateralized ERFs and the amplitude asymmetry even further supports the case that the ERFs are produced by modulations in alpha band power. Considering the additional peak of the AFA index in the beta band (15-25 Hz; Fig. 6A ), we explored the relation between ERFs and beta power modulations (Fig. S3) . We did identify systematic changes in beta lateralization with regard to the hemifield of the target; however, the magnitude of AFA index modulation was much less than that of the alpha band (Fig. S3B) . The beta band activity could potentially be explained as a harmonic frequency resulting from the alpha band activity. While such interactions can contribute to the AFA index they would not produce ERFs (11) . Using a partial correlation analysis, we found no correlation between beta band power and ERF lateralization when controlling for the alpha band power (Fig. S3C) . However, the correlation between alpha band power and ERF lateralization when controlling for the beta power (Fig. S3B) remained. We conclude that the lateralization in ERFs is primarily caused by power modulations in the alpha band and is not likely explained by either harmonics or physiological effects in the beta band.
Discussion
In this study, we demonstrated that sustained ERFs related to working memory maintenance are likely to be explained by modulations of oscillatory activity in the alpha band. We identified CDA in posterior ERFs with respect to target stimuli presented in the left or right hemifield, which was strongly correlated (spatially and temporally) with hemispheric lateralization of alpha band power. A measure of the amplitude asymmetry (AFA index ) revealed AFA in the alpha band over posterior areas.
The AFA index correlated with ERF lateralization as well. It was previously proposed that systematic modulations in oscillatory activity with amplitude asymmetry constitute a mechanism for generating ERFs/ERPs (2, 3). We have now found even stronger support for this mechanism and demonstrate that it can account for the generation of cognitively relevant ERFs.
Sustained ERFs Are Likely to Reflect Functional Inhibition. Although the results of the present study strongly suggest that the measured slow ERFs are produced by modulations in oscillatory power, this does not bring into question the results of previous ERP/ERF research. Rather, our findings provide a unique interpretation for the function of slow ERFs/ERPs. Conventionally, ERFs or ERPs are seen as additive brain responses that reflect engagement of working memory networks. Our findings suggest that the slow ERFs/ERPs reflect a modulation in background oscillatory power, predominantly in the alpha band. Alpha activity has recently been interpreted to reflect functional disengagement of task-irrelevant regions, thereby allocating computational resources to taskrelevant regions (12, 13) . This is based on the observation that alpha activity increases with working memory load during retention in areas not required for working memory maintenance (13, 14) . Furthermore, as also demonstrated in this study, alpha band power increases in the hemisphere that is less relevant for the task at hand (7, 9) . Intracranial animal recordings have demonstrated that neuronal firing is constrained to a fraction of the alpha cycle (15, 16) . We conclude that the slow ERFs producing the CDA observed in the current study are reflecting functional inhibition/disengagement and not an active working memory process. The same interpretation might hold for the spatial working memory-related lateralized ERPs reported by Vogel and Machizawa (6) and Vogel et al. (17) . Interestingly, Drew and Vogel (18) recently observed a very similar CDA during a spatial tracking task. These findings support the notion that CDA reflects a general mechanism for allocation of resources rather than memory maintenance per se.
Physiological Mechanism. Previously, it has been proposed that the evoked response was generated either by an additive mechanism or by phase resetting of ongoing oscillations (1, 19, 20) . The mechanism we here embrace explains ERFs by modulations in power of oscillatory activity that has amplitude asymmetry. The physiological mechanism proposed by Mazaheri and Jensen (3) explains asymmetrical oscillations based on the accepted notion that the magnetic fields measured by MEG are produced mainly by intracellular dendritic currents in pyramidal cells (21) . The key argument is that the dominating currents measured by MEG are dendritic, running from the distal synapses to the soma (i.e., in one direction). The measured alpha band activity might therefore be a consequence of bouts of synaptic activity producing inward dendritic currents every 100 ms. It is the modulation of the magnitude of these bouts that produces the AFA, which yields the CDA. Thus, the current findings provide important insight into the physiological substrate of the CDA.
Do Power Modulations of Oscillatory Activity with Amplitude Asymmetry Causally Predict the Emergence of Slow Evoked
Components? One might ask if the generation of slow evoked responses is a causal consequence of modulations in oscillatory activity or if it could be explained by a comodulation of a third origin. First, it should be stressed that systematic modulations in oscillations with amplitude asymmetry inevitably will result in the generation of evoked responses (Fig. 1) . Because the oscillatory activity we observe has amplitude asymmetry and is systematically modulated, slow evoked components are bound to emerge. Second, the correlation over subjects between lateralization in evoked responses and alpha activity was very strong (r = 0.92, P < 10 -6
; Fig. 5 ). Thus, the simplest explanation is that the slow lateralized ERFs are a direct consequence of oscillatory modulations in the alpha band. This causal explanation could be tested by pharmacological manipulations modulating the posterior alpha activity (22) . The lateralization in alpha activity is most likely a consequence of a slow topdown drive involving regions in the intraparietal sulcus and frontal eye field (23). This drive might be produced by the entrainment of slow delta oscillations determining the excitability of parietooccipital regions in relation to the components of the task (24, 25) . In this study, we did not investigate the electrophysiological correlate of such a top-down drive beyond the alpha power modulation.
Does the Mechanism Generalize to Other Frequency Bands or
Cognitive Functions? Although the current study has focused on amplitude asymmetry of posterior alpha activity, the phenomenon might generalize to other brain regions and frequency bands (3). For instance, amplitude asymmetry of the ∼10-Hz somatosensory mu rhythm has been reported (2). Other candidates could be theta oscillations [5-9 Hz, working and long-term memory (11, (26) (27) (28) ], beta The dots depict the clusters of sensors with significant differences (Left: P = 0.012, Right: P = 0.002). These sensors were used for the spectra in B. band (8, 14, 33) ]. Future work is required to investigate which frequency bands have oscillatory activity with amplitude asymmetry that might explain the generation of evoked responses. Many of the reported amplitude modulations in ERPs/ERFs in cognitive paradigms are associated with slow evoked components. This is the case for long-term memory encoding (34) and retrieval (35) . In the domain of language research, slow ERP effects have been found in relation to syntactic violations (36, 37) . In motor research, slow ERPs increasing in anticipation of movements have been reported (38) . It would be of great interest to investigate to what extent modulations of oscillatory power can account for some of these phenomena.
Conclusion
We have shown that modulations of oscillatory power with amplitude asymmetry in the alpha band can produce cognitively modulated ERFs in a working memory task. Our findings point to a general mechanism for producing evoked responses that is likely to extend beyond the realm of working memory and alpha band activity.
Experimental Procedures
The data used in this study have been published previously (8) but for a different purpose. Here, we mainly describe the experimental details relevant for the current analysis.
Participants. Eighteen healthy subjects (3 female and 15 male, mean age: 26 ± 3 years) free of any known sensory, perceptual, or motor disorders volunteered to participate in the experiment. All subjects provided written informed consent according to institutional guidelines of the local ethics committee (CMO Committee on Research Involving Human Subjects, region ArnhemNijmegen, The Netherlands).
Stimuli and Design. Visual stimuli were generated with Presentation 9.10 software (Neurobehavioral Systems, Inc.), presented using a liquid crystal display video projector (SANYO PROxtraX multiverse; 60-Hz refresh rate), and back-projected onto the screen using two front-silvered mirrors. Subjects were instructed to fixate on a centrally presented white cross on a black screen during a period of 1.5 s. As a target, a peripheral white dot was presented for 0.1 s to the left or right of the visual fixation cross at a random visual eccentricity between 9°and 18°and restricted between a −36°and 36°elevation angle relative to the central fixation cross. After a delay of 1.6 s, the fixation cross disappeared, which instructed the subjects to make a saccade toward the remembered location of the target (Fig. 2) . The fixation cross appeared again after 0.3 s as an indication for the subject to fixate at the center of the screen until the end of the trial. Each trial lasted 4 s.
Data Recording and Analysis. Data were recorded using a whole-head MEG system (151 axial gradiometers; VSM/CTF Systems). Subjects were seated upright in the MEG system and instructed to sit comfortably without moving. Before and after the recording session, the head position was measured with respect to the MEG sensor array using localization coils fixed at anatomical landmarks (the nasion and at the left and right ear canals). Bipolar EOGs were recorded to check subjects' gaze behavior and discard trials with eye blinks offline. MEG and EOG data were low-pass-filtered at 300 Hz and digitized at 1,200 Hz. Before the actual measurements, the EOG signal was calibrated using a nine-point calibration grid. Eye movement recordings in all 18 subjects confirmed that they performed the task correctly. Trials in which subjects broke fixation, made saccades in the wrong direction, or blinked the eyes during the trial were excluded from further analysis. Additionally, trials contaminated with muscle activity or sensor jumps were excluded from further analysis. In total, we included 120 ± 18 trials for left hemifield targets and 118 ± 20 trials for right hemifield targets in the analysis.
For ERF analysis, the data were low-pass-filtered at 80 Hz, and a 0.2-s baseline period prior to target onset was used. Subsequently, the trials were averaged for each condition separately.
Oscillatory power was estimated using a multitaper spectral estimation method (40) . A frequency-dependent sliding time window was applied. The length of the window was five cycles (i.e., ΔT = 5/f o , where f o is the frequency of interest). The data from each sliding time window were multiplied with three orthogonal Hanning tapers. Subsequently, the data were Fourier-transformed and the power spectral densities were averaged. This procedure resulted in estimates of oscillatory power with plus or minus ∼0.3-Hz f o frequency smoothing. The data were then baseline-corrected using data in the time window centered 0.25 s before target onset (i.e., no posttarget 10-Hz power was bleeding into the baseline).
Sustained fields and alpha band activity in the delay period (0.2-1.2 s) were compared statistically for the left and right target conditions. To normalize for intersubject variances, we computed the z values for each sensor with respect to left and right targets. This was done by initially comparing the conditions within subjects and calculating t values, which then were transformed into z values (using SPM2; the FIL methods group. These z values represented the normalized difference between left and right targets (and not statistical values).
The z values were then tested against the null distribution over subjects using a nonparametric cluster-randomization routine in Fieldtrip (41) . This routine controls the type 1 error rate in a situation involving multiple comparisons over sensors (see SI Methods).
The correlation between ERF and alpha band activity in the delay period was assessed by subtracting the delay activity with respect to right and left targets. The Spearman correlation was computed over subjects for each sensor. Sensors with a P value smaller then 0.0003 were accepted as being significantly correlated (Bonferroni-corrected for 151 comparisons). Additionally, we calculated the correlation of the time evolution of the alpha power and the time evolution of the ERF amplitude. This yielded 15 alpha power values and 15 ERF amplitude values for each subject. The alpha band values of all subjects were concatenated into one pool, which then contained 270 power values for each sensor. We performed the same analysis for the ERF amplitude values and then correlated the amplitude values as described previously.
To investigate whether the sustained ERF in the delay period could be a consequence of the amplitude asymmetry in the ongoing oscillations, we determined the AFA index as proposed by Mazaheri and Jensen (3) . To compute this index, the data were initially bandpass-filtered in the full trials at the frequency of interest ± 1 Hz. The time points of the peaks and troughs of the oscillatory activity were then identified in the filtered data (0.2-1.2 s). These time points were used to estimate the amplitude values of the peaks (S peak ) and troughs (S trough ) in the non-bandpass-filtered data after applying a 10-ms boxcar smoothing kernel. The amplitude asymmetry was estimated by quantifying the normalized difference in the variance for the peaks and troughs [as described by Mazaheri and Jensen (3)]:
An AFA index close to zero would mean that the peaks and troughs are modulated similarly (as for a sinusoidal "symmetrical" signal). When the AFA index is larger than zero, this would mean that the peaks are modulated stronger than the troughs, and vice versa for negative values. The AFA index spectrum was calculated for the range between 5 and 50 Hz (in 1-Hz steps). The difference in the AFA index for 10 Hz between the left and right target conditions was statistically evaluated using a cluster-randomization routine similar to that described previously. When analyzing the ERFs, power spectra, and AFA index , we computed a planar gradiometer representation of the data (42) . The planar field gradient approximates the signals measured by planar gradiometers. This is often advantageous in MEG signal processing, because the strongest field of the planar gradient usually is situated above the neural sources (43) . The vertical and horizontal components were estimated using the fields of each sensor and its neighboring sensors. The resulting components were then combined using the rms after spectral or ERF analysis. By means of this approach, the strongest signal will be directly above the source. However, information about source orientation will be lost.
The Matlab package Fieldtrip was used for data analysis. This is an opensource toolbox for neurophysiological data analysis, which was developed at the Donders Institute for Brain, Cognition, and Behaviour.
